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Cdc42GAP promotes inactivation of Cdc42, a small
GTPasewhose activation at the leading edge by gua-
nine nucleotide exchange factors is critical for cell
migration. How Cdc42GAP is regulated to ensure
proper levels of active Cdc42 is poorly understood.
Here we show that Nudel, a cytoplasmic dynein reg-
ulator, competes with Cdc42 for binding Cdc42GAP.
Consequently, Nudel can inhibit Cdc42GAP-medi-
ated inactivation of Cdc42 in a dose-dependentman-
ner. Both Nudel and Cdc42GAP exhibit leading-edge
localization in migrating cells. The localization of Nu-
del requires its phosphorylation by Erk1/2. Depleting
Nudel byRNAi or overexpression of a nonphosphory-
latable mutant abolishes Cdc42 activation and cell
migration. Our data thus uncover Nudel as a regulator
of Cdc42 during cell migration. Nudel facilitates cell
migration by sequestering Cdc42GAP at the leading
edge to stabilize active Cdc42 in response to ex-
tracellular stimuli. Excess active Cdc42 may in turn
control its own activity by recruiting Cdc42GAP
from Nudel.
INTRODUCTION
Cell migration plays a key role in development, wound healing,
and immune system function (Gupta et al., 2002; Ridley et al.,
2003). In general, it can be viewed as a cyclic process of protru-
sion and retraction. Cells first extend protrusions in response to
environmental stimuli such as growth factors and the extracellu-
lar matrix (ECM). The protrusions can form a large, broad lamel-
lipodium or spike-like filopodia. They are highly dynamic, driven
by actin polymerization and stabilized by cell adhesions to the
ECM (Raftopoulou and Hall, 2004; Ridley et al., 2003). Mean-
while, in many cell types including fibroblasts, the nucleus is
moved rearward by actin retrograde flow, and the centrosome
is maintained at the cell centroid bymicrotubule (MT)-dependent
machineries. As a result, the centrosome becomes reoriented
between the leading edge and the nucleus to specify and main-
tain the migration, possibly through polarized delivery of mem-342 Developmental Cell 14, 342–353, March 2008 ª2008 Elsevier Inbrane precursors and regulatory factors (Gomes et al., 2005; Pa-
lazzo et al., 2001; Ridley et al., 2003). With the cell body moving
forward, cell tail retracts into the cell body by dissembling its ad-
hesions with the ECM (Ridley et al., 2003).
Cdc42, a member of Rho family of small GTPases, is a central
regulator of cell migration (Etienne-Manneville, 2004; Raftopou-
lou and Hall, 2004). Like other small GTPases, Cdc42 cycles be-
tween active GTP-bound and inactive GDP-bound states at the
cell cortex. It is activated at the leading edge of migrating cells by
its guanine nucleotide exchange factors (GEFs) in response to
different signal transduction pathways (Etienne-Manneville,
2004). Cdc42$GTP in turn triggers multiple downstream signal-
ing pathways in an orchestrated manner to promote cell move-
ment. For instance, Cdc42$GTP binds Par6 to activate PKCz
at the leading edge. PKCz then inactivates GSK3b through phos-
phorylation, leading to recruitment of Adenomatous Polyposis
Coli (APC), an MT plus-end-binding protein. This signaling cas-
cade results in formation and leading-edge distribution of the
Cdc42/Par6/PKCz/GSK3b/APC complex, which binds MT plus
ends and participates in centrosome polarization. Cdc42 also
regulates the actin cytoskeleton (Etienne-Manneville, 2004; Raf-
topoulou andHall, 2004). Inhibition of its activity impairs filopodia
formation, cell migration, and actin retrograde flow critical
for rearward nuclear translocation (Etienne-Manneville, 2004;
Gomes et al., 2005; Raftopoulou and Hall, 2004; Yang et al.,
2006).
Small GTPases are inactivated physiologically by their
GTPase-activating proteins (GAPs) (Etienne-Manneville, 2004;
Raftopoulou and Hall, 2004). Cdc42GAP is a high-affinity
Cdc42-specific negative regulator (Nassar et al., 1998; Zhang
et al., 1997). Cdc42GAP-deficient MEFs display elevated
Cdc42 activity, manifest in spontaneous filopodia formation
and defects in migration (Yang et al., 2006). Nevertheless, how
Cdc42GAP coordinates with GEFs to assure proper levels of
active Cdc42 remains poorly understood.
Nudel, together with its interactor Lis1, is critical for multiple
functions of the MT minus-end-directed motor, cytoplasmic dy-
nein (Guo et al., 2006; Liang et al., 2004, 2007; Sasaki et al.,
2005; Shu et al., 2004). Haploinsufficiency of Lis1 causes lissen-
cephaly, a severe congenital disease characterized by smooth
brain surfaces caused by neuronal migration defects (Gupta
et al., 2002). Studies in neocortex development reveal that Nu-
del, Lis1, and dynein function together to couple the centrosomec.
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Nudel Regulates Cdc42 by Sequestering Cdc42GAPto the nucleus, thus enabling neuronal soma migration through
a process termed nuclear translocation (Gupta et al., 2002;
Shu et al., 2004). This form of migration occurs only at certain
stages of neuronal development and is not typical of nonneuro-
nal cells (Gomes et al., 2005; Gupta et al., 2002; Ridley et al.,
2003). In migrating fibroblasts, for instance, both dynein and its
accessory complex dynactin localize to the leading edge and
are required for centrosome polarization, presumably by pulling
on MT plus ends (Dujardin et al., 2003; Gomes et al., 2005;
Palazzo et al., 2001). In this study, we investigated the function
of Nudel in nonneuronal cell migration. Our work reveals a direct
interaction between Nudel and Cdc42GAP and identifies, to our
Figure 1. Silencing Nudel Impairs Cell
Migration and Centrosome Polarization
(A) Living NIH 3T3 cells transfected with the indi-
cated RNAi constructs were imaged at 8 min inter-
vals. Images are from Movies S1–S3. Migration
tracks of transfectants (green) and two control
cells are shown as red or yellow lines, respectively.
The 13 hr tracks of ten randomly picked cells are
also presented for each cell group. Scale bar,
100 mm.
(B) Representative frames of transfectantsmarked
by green arrows in (A) were cropped from Movies
S2 and S3, respectively, to show cell protrusions
(arrowheads) in a typical 64 min window. Total
protrusion areas per cell in a typical 2 hr window
are also shown. Only transfectants with clear im-
age sequences to allow such measurement are
analyzed. Scale bar, 25 mm. Error bars show SD.
(C) Living cells transfected with both pNumiB-GFP
and pRFP-Nudel-R (yellow) were imaged as in (A).
Images are from Movie S4. The 13 hr tracks of ten
randomly picked cells are also presented. Scale
bar, 100 mm.
(D) Centrosome polarizations were examined for
cells at wound edges. Transfectants (GFP-posi-
tive) and nuclei are outlined. Centrosomes (ar-
rows) located in the forward-facing 120 sector
with its vertex at the nuclear center were consid-
ered as polarized. Scale bar, 10 mm. Statistics
data for centrosome positioning are shown on
the right. Error bars show SD.
knowledge, a novel role of Nudel in regu-
lating Cdc42 activity at the leading edge.
RESULTS
A Requirement for Nudel
in Cell Migration
We first tested whether Nudel is involved
in cell migration by using an RNAi ap-
proach. Murine Nudel (mNudel) expres-
sion was significantly repressed in NIH
3T3 cells transfected with either of the
RNAi constructs, pNumiA-GFP or pNu-
miB-GFP, whereas a control construct,
pLuci-GFP, had little effect (Figure S1A;
see the Supplemental Data available
with this article online). Compared to sur-
rounding untransfected cells, transfectants of either pNumiA-
GFP (n = 31) or pNumiB-GFP (n = 25) exhibited weak motility
(Figure 1A; Figure S1B and Movies S1 and S2). The average ve-
locities of the two RNAi groups were 6.2 and 10.1 mm/hr, respec-
tively. In contrast, pLuci-GFP transfectants migrated actively
(25.3 mm/hr; n = 25) (Figure 1A; Figure S1B andMovie S3). Similar
difference was also seen in scratch wound assays (Figure S1C).
Therefore, Nudel is critical for cell migration.
Detailed examination indicated that Nudel-depleted cells were
defective in protrusion. Untransfected or pLuci-GFP-transfected
cells extended finger-like projections prior to movement of cell
bodies in the same direction (Figure 1B; Movies S1–S3).
Developmental Cell 14, 342–353, March 2008 ª2008 Elsevier Inc. 343
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Nudel Regulates Cdc42 by Sequestering Cdc42GAPFigure 2. Dynein-Independent Localization and Function of Nudel in Migrating Cells
(A) The leading-edge localization of Nudel (arrowheads). NIH 3T3 monolayers were wounded after a pretreatment with nocodazole (6 mg/ml) for 4 hr to disassem-
ble MTs or a mock treatment with DMSO. Cells were then fixed after additional 2 hr and immunostained for Nudel and a-tubulin. Scale bar, 10 mm.
(B) Nudel depletion impairs rearward nuclear movement. NIH 3T3 monolayers transfected with the indicated RNAi constructs were imaged immediately after
wounding. Frames from typical time-lapse sequences are presented. Transfectants (green) and their nuclei are outlined. Superimpositions of cell outlines at
0 and 120 min are aligned at the cell centroid. Scale bar, 20 mm.
(C) Distribution chart for relative distances of rearward nuclear movement in (B).Nevertheless, cells transfected with either RNAi construct
showed markedly reduced protrusions (Figure 1B). Twenty-
nine percent of them (16/56) had almost no protrusion, presum-
ably due to complete silencing of Nudel expression, even though
surrounding cells migrated actively (Figure 1B; Movies S1 and
S2).
To exclude off-target effects, we performed rescue experi-
ments. Cells transfected with pNumiB-GFP and expressing an
RNAi-resistant mutant, RFP-Nudel-R (Shu et al., 2004), migrated
normally (Figure 1C; Figure S1B and Movie S4). Their average
velocity (26.5 mm/hr; n = 23) was similar to that of surrounding
untransfected cells (26.4 mm/hr; n = 32), indicating restoration
of Nudel function.
We then examined whether centrosome polarization (Gomes
et al., 2005; Palazzo et al., 2001) was also affected by Nudel
depletion. In wounded NIH 3T3 monolayers, most cells at the
wound edges showed similar polarity, with their centrosomes344 Developmental Cell 14, 342–353, March 2008 ª2008 Elsevier Inlocated between the nucleus and the wound edge (Figure 1D;
Palazzo et al., 2001). Nudel-depleted cells, however, had ran-
domized centrosome distribution (Figure 1D). Therefore, Nudel
depletion impaired two critical aspects of cell migration, cell
protrusion and centrosome polarization (Ridley et al., 2003).
Dynein-Independent Function of Nudel in Cell Migration
To gain further insights into Nudel’s function in cell migration, we
examined its subcellular localization. Consistent with its role as
a dynein regulator, we found that Nudel was enriched at the lead-
ing edge of migrating cells (Figure 2A; Figures S2A and S2B),
where it colocalized with dynein and dynactin (Figure S2C). In-
terestingly, the leading-edge localization of Nudel persisted after
either nocodazole treatment, which disassembled MTs (Fig-
ure 2A), or GFP-p50 overexpression (Figure S2D), which disrup-
ted dynactin (Echeverri et al., 1996; Liang et al., 2004). As dynein
requires both MTs and dynactin for its leading-edge localizationc.
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Nudel Regulates Cdc42 by Sequestering Cdc42GAPFigure 3. Identification of Cdc42GAP as a Nudel-Binding Protein
(A) Identification of Nudel-associated proteins from mouse brain lysate. Co-IP was performed using anti-FLAG mAb resin. Protein bands were visualized by
Coomassie blue staining. Proteins identified by mass spectrometry are indicated.
(B) Co-IP assays for association of FLAG-Nudel with the indicated proteins in HEK293T lysate.
(C) Colocalization of endogenous Cdc42GAP with Nudel at the leading edge (arrowheads) of NIH 3T3 cells in wounded monolayers. Scale bar, 10 mm.
(D) Direct interaction between Nudel and Cdc42GAP in vitro. Proteins were expressed in E. coli and subjected to GST pull-down assays.
(E) FLAG-Cdc4GAP forms a complex with Nudel and Lis1, but not dynein, in HEK293T cells.
(F) Co-IP of Nudel with HA-Cdc42GAP from HEK293T cell lysate with or without FLAG-Lis1.(Dujardin et al., 2003), Nudel may regulate cell migration at the
leading edge independently of dynein.
To testwhetherNudelsolely functions throughdyneinat the lead-
ing edge to regulate cell migration, we performed time-lapse mi-
croscopy to examine the nuclear rearward movement in NIH 3T3
cells at wound edges. Centrosome polarization in migrating NIH
3T3 cells consists of two processes, nuclear rearward movement
and centrosomemaintenance at the cell centroid. Both processes
require Cdc42 activity, but only the latter needs dynein (Gomes
et al., 2005). If dynein is the only effector of Nudel, Nudel depletion
shouldnot interferewithnuclearmovement. InpLuci-GFP transfec-
tants, the nucleus showed marked rearward movements during
a2hr recording (Figures2Band2C).Surprisingly, thisnuclear trans-
location was virtually abolished in pNumiA-GFP or pNumiB-GFP
transfectants (Figures 2B and 2C). This strongly suggests a role
of Nudel in cell migration that is independent of dynein.DNudel Directly Interacts with Cdc42GAP
To understand how Nudel might regulate cell migration indepen-
dently of dynein, we searched for Nudel-associated proteins.
FLAG-Nudel was used to immunoprecipitate potential asso-
ciated proteins from mouse brain lysate. FLAG-NudelN20/C36,
a deletion mutant that fails to bind dynein and many other pro-
teins (Guo et al., 2006; Liang et al., 2004), served as a control.
Protein bands associated with FLAG-Nudel were analyzed with
mass spectrometry. In addition to the known Nudel-associated
proteins such as dynein (heavy chain DHC and intermediate
chain DIC), Lis1, 14-3-33, and a/b tubulin (Liang et al., 2004; Niet-
hammer et al., 2000; Sasaki et al., 2000; Toyo-oka et al., 2003),
a negative regulator of Cdc42, Cdc42GAP (Zhang et al., 1997),
was identified from the band rich in tubulin (Figure 3A). The asso-
ciation of Cdc42GAPwith Nudel in vivo was further confirmed by
coimmunoprecipitation (co-IP) (Figure 3B; Figure S3A). Inevelopmental Cell 14, 342–353, March 2008 ª2008 Elsevier Inc. 345
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Nudel Regulates Cdc42 by Sequestering Cdc42GAPcontrast, two other GAPs of Rho family GTPases, p190GAP and
PARG1 (Saras et al., 1997; Settleman et al., 1992), did not asso-
ciate with Nudel (Figure 3B), suggesting a specific interaction of
Nudel with Cdc42GAP.
Cdc42GAP associatedwith NudelN20, a Lis1 binding-defective
mutant lacking residues 114–133, but not NudelC36 (Figure S3B),
a mutant lacking residues 256–291, critical for interaction with
DHC and several other proteins (Guo et al., 2006; Liang et al.,
2004, 2007). Its association with Nudel was mediated through
a region containing the Sec14/BCH domain, but not the RhoGAP
domain (Figures S3C and S3D; Wang et al., 2005). Furthermore,
Cdc42GAP was also located at the leading edge (Figures S3E
and S3F), where it colocalized with mNudel (Figure 3C), strongly
suggesting a role for their interplay in cell migration.
To examine whether the Nudel-Cdc42GAP interaction is di-
rect, GST pull-down assays were performed using proteins
expressed in E. coli. GST-Cdc42GAP readily brought down
FLAG-Nudel, whereas neither GST nor GST-Cdc42 exhibited
this property (Figure 3D), indicating a physical interaction be-
tween Cdc42GAP and Nudel.
To test whether the Nudel-Cdc42GAP interaction is indeed
independent of dynein, we performed reciprocal co-IP using
FLAG-Cdc42GAP overexpressed in HEK293T cells as bait and
found that endogenous Nudel and Lis1 were both precipitated
(Figure 3E). Dynein and CLIP-170, a Lis1-binding protein (Co-
quelle et al., 2002; Tai et al., 2002), however, were not detected
(Figure 3E). Moreover, when Lis1 levels weremarkedly increased
through overexpression of FLAG-Lis1, the amount of endoge-
nous Nudel associated with HA-Cdc42GAP persisted regardless
of Lis1 levels (Figure 3F). Therefore, the interaction of Nudel with
Cdc42GAP is independent of dynein and is not sensitive to Lis1
levels.
Nudel Activates Cdc42 In Vitro by Sequestering
Cdc42GAP
To further understand the functional consequences of Nudel-
Cdc42GAP interaction, we investigated how Nudel might affect
the activity of Cdc42. We first examined whether Cdc42GAP
could bridge the interaction between Nudel and Cdc42. As
GAPsonly interactwithactivated,orGTP-bound, smallGTPases,
a constitutively active Cdc42, Cdc42Q61L (Palazzo et al., 2001),
was coexpressed with exogenous Cdc42GAP and Nudel or Nu-
delC36 (Figure 4A, lanes 1–3). As a control, FLAG-NudelC36 failed
to precipitate either HA-Cdc42GAP or GFP-Cdc42Q61L in co-IP
experiments (Figure 4A, lane 4). FLAG-Nudel only pulled down
HA-Cdc42GAP, but not GFP-Cdc42Q61L (Figure 4A, lane 5).
FLAG-Cdc42Q61L precipitated HA-Cdc42GAP, but not GFP-Nu-
del (Figure 4A, lane 6). Thus, Cdc42GAP complexes with either
Nudel or Cdc42, but not both at the same time. Such nonoverlap-
ping interactions suggest a competition between Nudel and
Cdc42 for binding to Cdc42GAP.
To verify the above speculation, we tested whether the inter-
action between Cdc42GAP and Cdc42 was sensitive to Nudel
levels, using wild-type Cdc42. To prevent inactivation of wild-
type Cdc42 by Cdc42GAP and subsequent dissociation of the
complex, cell lysate containing FLAG-Cdc42 was pretreated
with 100 mM GTPgS, a nondegradable GTP analog, for 30 min
at 30C (Benard et al., 1999) before mixing with lysates contain-
ing other proteins. In the presence of GFP-Nudel but not GFP346 Developmental Cell 14, 342–353, March 2008 ª2008 Elsevier I(Figure 4B), the amount of HA-Cdc42GAP coimmunoprecipi-
tated with FLAG-Cdc42 was reduced by 66% on average
(Figure 4B). In reciprocal experiments, the presence of GFP-Nu-
del also decreased the amount of GFP-Cdc42Q61L associated
with FLAG-Cdc42GAP by 69% (data not shown). Therefore,
Nudel is able to sequester Cdc42GAP from active Cdc42 in vitro.
To test whether Nudel is able to facilitate Cdc42 activation by
titrating Cdc42GAP, we applied a GST-PBD pull-down assay to
examine levels of active Cdc42 in the presence or absence of
exogenous Nudel (Benard et al., 1999). Exogenous Nudel,
Cdc42GAP, and Cdc42 were all tagged with FLAG so that their
relative levels could be easily compared through immunoblotting
with anti-FLAG antibody (Figure 4). Consistent with a previous
report (Zhang et al., 1997), FLAG-Cdc42GAP significantly atten-
uated levels of FLAG-Cdc42$GTP in a dose-dependent manner
(Figure 4C). When the concentration of FLAG-Cdc42GAP was
fixed, levels of active Cdc42 became positively correlated with
levels of FLAG-Nudel (Figure 4D). FLAG-NudelC36, which failed
to bind Cdc42GAP (Figure 3D; Figure S3B), did not exhibit
such an effect (Figure 4E). These biochemical assays indicate
that Nudel indeed stabilizes active Cdc42 by antagonizing
Cdc42GAP. Moreover, the interaction with Cdc42GAP is essen-
tial for Nudel to regulate Cdc42.
Activation of Cdc42 by Nudel In Vivo
To test whether Nudel also regulates Cdc42 in vivo, we exam-
ined Cdc42 activity in migrating cells using Raichu-Cdc42,
a modified Cdc42 whose activation induces intramolecular fluo-
rescence resonance energy transfer (FRET), as a fluorescence
probe (Wells et al., 2006). Consistent with a previous report
(Etienne-Manneville and Hall, 2001), 30 min after scratching to
induce cell migration, the FRET efficiency from the lysates
made from NIH 3T3 monolayers cotransfected with pLuci and
pRaichu-Cdc42 was increased by 52%, indicating an elevation
of Cdc42 activity from its basal level (Figure 5A). When the
FRET efficiency was measured using cells cotransfected with
pNumiA and the probe, however, it only increased by 10%
(Figure 5A), indicating a lack of Cdc42 activation.
Cdc42 is activated at the leading edge of migrating cells (Nal-
bant et al., 2004). If its activation was abolished upon Nudel
RNAi, its downstream effectors such as PKCz and APC would
also fail to locate to the leading edge (Etienne-Manneville,
2004). We thus examined cells at wound edges and found that
more than 80% of pLuci-GFP transfectants showed leading-
edge localizations of PKCz and APC, whereas the value was
below 45% for cells transfected with either pNumiA-GFP or
pNumiB-GFP (Figures 5B and 5C), indicating a decrease of re-
gional Cdc42 activity upon Nudel depletion. Taken together, we
conclude thatNudel is critical for Cdc42 activation in cellmigration.
Phosphorylation of Nudel Facilitates
Its Leading-Edge Localization
We next explored how Nudel might activate Cdc42 during cell
migration. In migrating cells, Cdc42 is activated at the leading
edge (Nalbant et al., 2004).We found that, like Nudel, Cdc42GAP
is also enriched at the leading edge (Figure 3C). This suggests
that Nudel and Cdc42GAP coordinately regulate Cdc42 activity
at the leading edge during cell migration. The extracellular sig-
nal-regulated protein kinase (Erk) is activated by a wide varietync.
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Nudel Regulates Cdc42 by Sequestering Cdc42GAPFigure 4. Nudel Modulates Cdc42 Activity through Cdc42GAP
(A) Exclusive associations of Nudel or Cdc42Q61L with Cdc42GAP. HEK293T cells coexpressing the indicated fusion proteins (lanes 1–3) were lysed and
subjected to co-IP using anti-FLAG mAb resin (lanes 4–6). Immunoblotting was performed using antibodies against the tags.
(B) Nudel competes against Cdc42 for binding Cdc42GAP. HA-Cdc42GAP was subjected to co-IP with FLAG-Cdc42 in the presence of GFP or GFP-Nudel.
GTPgS was added to cell lysates to stabilize active Cdc42. Relative intensities were obtained by normalizing band intensities of HA-Cdc42GAP against those
of FLAG-Cdc42.
(C) Dose-dependent effect of Cdc42GAP on Cdc42 activity. FLAG-Cdc42GAP expressed in HEK293T cells was affinity purified and added to cell lysates
containing FLAG-Cdc42. The mixtures were first incubated at 37C for 15 min and then subjected to GST-PBD pull-down assays to precipitate active Cdc42.
(D) Dose-dependent effect of Nudel on Cdc42 activity. Experiments were done as in (C) with a fixed concentration of FLAG-Cdc42GAP as in (C), lane 3, and an
increasing amount of FLAG-Nudel.
(E) NudelC36 fails to block Cdc42GAP-mediated Cdc42 inactivation. Experiments were done as in (D) except that FLAG-NudelC36 equivalent to the level of FLAG-
Nudel in (D), lane 5, was added.of growth factors and mitogens and is critical for cell migration
(Huang et al., 2004). Nudel is phosphorylated by Erk in vitro
within its five ‘‘S/TP’’ motifs (Yan et al., 2003). We thus tested
whether the leading-edge localization of Nudel is subjected to
regulation by phosphorylation. As expected, Erk1/2 were tran-
siently activated after cell monolayers were wounded, as indi-
cated by the appearance of their phosphorylated forms (P-Erk)
in immunoblotting (Figure 6A). P-Nudel levels, visualized with
an antibody against its phospho-threonine-219 (Figure S4A;
Mori et al., 2007), correlated with the Erk1/2 activation
(Figure 6A). Inhibition of Erk activation by U0126 treatment di-
minished Nudel phosphorylation (Figure 6A). Consistently, Nudel
failed to appear at the leading edge upon inhibition of Erk1/2 ac-
tivation by either serum starvation or U0126 treatment (Figures
6B and 6C). Moreover, P-Nudel was enriched at the leading
edge (Figure 6D).
To further clarify whether phosphorylation is critical for the
leading-edge localization of Nudel, we examined subcellular dis-Detributions of a phosphorylation-dead mutant, Nudelmt5, and
a phosphorylation-mimicking mutant, Nudelpmt5 (Yan et al.,
2003). GFP-tagged Nudel or Nudelpmt5 showed accumulation
at wound edges in more than 80% of cells (Figure 6E). In con-
trast, GFP-Nudelmt5 exhibited a similar distribution in only 34%
of cells on average (Figure 6E). Compared to the polarized cen-
trosome positioning in cells overexpressing either GFP-Nudel or
Nudelpmt5, centrosome distribution was random in cells overex-
pressing Nudelmt5 (Figure 6E).
To verify the function of Nudelmt5, we created an RNAi-resis-
tant version of the mutant, Nudelmt5-R. Unlike RFP-Nudel-R
(Figure 1C), RFP-Nudelmt5-R was no longer able to rescue Nudel
deficiency (Figure 6F; Movie S5). Its overexpression failed to
restore the motility of pNumiB-GFP transfectants (Figures 6F;
Figure S1B). Overexpressing Nudelmt5 inhibited migration as
well in scratch wound assays, whereas overexpressing either
Nudelpmt5 or wild-type Nudel did not significantly alter cell motil-
ities (Figure S4B). Therefore, phosphorylation of Nudel at thevelopmental Cell 14, 342–353, March 2008 ª2008 Elsevier Inc. 347
Developmental Cell
Nudel Regulates Cdc42 by Sequestering Cdc42GAPFigure 5. Nudel Regulates Cdc42 In Vivo
(A) Nudel RNAi inhibits Cdc42 activation. NIH 3T3 cells cotransfected with the Raichu-Cdc42 probe and the indicated RNAi constructs were harvested without
(0 min) or 30 min after wounding. Cell lysates were then subjected to fluorescence spectrometry. The ratio of FRET peak (526 nm) over non-FRET peak (480 nm)
was applied to show the Raichu-Cdc42 activity. Two independent experiments were performed. Error bars show SD.
(B) Localization of PKCz in woundedNIH 3T3monolayers transfectedwith the indicated RNAi constructs. Arrowheads indicate cell edges facing thewound. Scale
bar, 10 mm.
(C) Statistics data for leading-edge localizations of PKCz and APC in the indicated transfectants. Error bars show SD.‘‘S/TP’’ sites is important for its localization and function at the
leading edge.
Localization of Nudel to the Leading Edge Is Critical
for Cdc42 Activation
Nudel forms homodimers (Sasaki et al., 2000; Yan et al., 2003).
Therefore, overexpression of Nudelmt5 might abolish leading-
edge localization of endogenous Nudel through dimer formation
and thus hinder the protection effect of Nudel on active Cdc42.
We therefore applied a GST-PBD pull-down assay to examine
levels of active Cdc42 (Benard et al., 1999). To reduce the influ-
ence of untransfected cells, we usedCos7 cells, in which a trans-
fection efficiency of 80% can be achieved routinely, instead of
NIH 3T3 cells to express GFP-tagged Nudel, Nudelmt5, and Nu-
delpmt5. GST-PBD pulled down more active Cdc42 from Cos7
cells overexpressing GFP-Nudel or Nudelpmt5 30 min after
wounding to trigger cell migration (Figure 7A). When GFP-
Nudelmt5 was expressed, however, such an increase was not
observed (Figure 7A). Consistently, many fewer NIH 3T3 cells
overexpressing GFP-Nudelmt5 showed leading-edge localization
of PKCz and APC (Figure 7B), indicating defective Cdc42
activation.
DISCUSSION
Nudel Is Essential for Cell Migration
In this study, we identified Nudel as a crucial player in nonneuro-
nal cell migration. During migration of NIH 3T3 cells, Nudel is lo-
calized at the leading edge (Figure 2A), where numerous signal-
ing processes occur (Ridley et al., 2003). Depletion of Nudel by
RNAi severely repressed cell migration (Figure 1; Figure S1).348 Developmental Cell 14, 342–353, March 2008 ª2008 Elsevier InDepletion of Nudel by RNAi disrupted two major actions crit-
ical for migration, cell protrusion and centrosome polarization
(Figure 1). The impaired protrusion is not a result of cell death.
The cells were clearly alive during imaging of 13 hr (Movies
S1 and S2). Since protrusion is a prerequisite for migration of
fibroblasts (Ridley et al., 2003), this phenotype is undoubtedly
a major contributor to the migration defect. Furthermore, given
the colocalization of Nudel at the leading edge with dynein/
dynactin (Figure S2) as well as Nudel’s importance for dynein
activity in other cellular processes (Liang et al., 2004, 2007;
Shu et al., 2004), it would be reasonable to conclude that Nudel
also activates dynein at the leading edge to facilitate centro-
some polarization (Figure 7C) (Gomes et al., 2005; Palazzo
et al., 2001).
Importantly, we found that dynein is not the only effector of Nu-
del in cell migration. Nudel is localized to the leading edge inde-
pendently of dynein and MT (Figures 2A; Figure S2D) and thus
capable of binding to protein(s) upstream of dynein to regulate
migration. Consistent with this, we found that, upon Nudel
RNAi, the rearward nuclear translocation, an actin-based pro-
cess dependent on the activity of Cdc42 but not dynein (Gomes
et al., 2005), was disrupted (Figures 2B and 2C).
Nudel Is Critical for Cdc42 Activation
We found that depletion of Nudel by RNAi impairs Cdc42 activa-
tion at the leading edge. Nudel RNAi markedly inhibited the in-
crease in FRET efficiency of the Raichu-Cdc42 probe over basal
levels after NIH 3T3monolayers were scratched to inducemigra-
tion (Figure 5A), indicating reducedCdc42 activation (Wells et al.,
2006). Moreover, formation of the PKCz/GSK3b/APC complex,
an important Cdc42 effector (Etienne-Manneville, 2004), atc.
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lack of the regional Cdc42 activation.
The ability of Nudel to facilitate Cdc42 activation helps to ex-
plain defects observed in cells lacking Nudel. First, in addition
to filopodia, Cdc42 is also important for lamellipodial formation
and migration in fibroblasts, possibly by affecting Rac activation
(Raftopoulou and Hall, 2004; Yang et al., 2006). The lack of cell
protrusion uponNudel RNAimay thus be attributed to repression
of Cdc42 activity, though a direct influence of Nudel on Rac ac-
tivity still cannot be excluded. Second, centrosome polarization
requires both Cdc42 and dynein (Gomes et al., 2005; Palazzo
et al., 2001). The centrosome polarization defect in Nudel
RNAi-treated cells (Figures 1 and 2) could be due to the com-
bined effects of Nudel on both Cdc42 and dynein. Nevertheless,
Figure 6. Nudel Phosphorylation Facilitates
Its Localization and Function at the Leading
Edge
(A) NIH 3T3 monolayers collected at the indicated
time after wounding in the absence or presence of
the Erk inhibitor U0126 were subjected for im-
munoblotting to detect phosphorylated Nudel
(P-Nudel) and Erk (P-Erk).
(B) Leading-edge localization of Nudel in response
to serum stimulation. After serum starvation
overnight, NIH 3T3 monolayers were wounded
(Serum ) and further stimulated with serum for
2 hr to induce cell migration (Serum +). Scale
bar, 10 mm.
(C) Leading-edge localization of Nudel in response
to wounding-induced Erk activation. NIH 3T3
monolayers in fresh medium were fixed 2 hr after
wounding in the absence or presence of U0126.
Scale bar, 10 mm.
(D) Leading-edge localization of P-Nudel. NIH 3T3
monolayers in fresh medium were fixed 2 hr after
wounding. Scale bar, 10 mm.
(E) Centrosome positioning in wounded NIH 3T3
cells overexpressing the indicated GFP fusions
(outlined in green). Centrosomes (arrows) located
in the 120 sectors are considered as polarized.
Arrowheads indicate cell edges. Statistics data
are shown in the histogram. Untransfected cells
in the GFP-Nudelmt5 samples were used as a pos-
itive control. Scale bar, 10 mm. Error bars showSD.
(F) Nudelmt5-R fails to rescue Nudel RNAi. NIH 3T3
cells cotransfected with pNumiB-GFP and pRFP-
Nudelmt5-R (yellow) were monitored for about
13 hr. Images are from Movie S5. Color lines are
migration tracks. The 13 hr tracks of ten randomly
picked cells are also presented. Scale bar, 100 mm.
whether Nudel has other targets in cell
migration is an interesting issue that
awaits future investigations.
Cdc42GAP Links Nudel
to Cdc42 Activation
We identified Cdc42GAP as a Nudel-
associated protein that links Nudel to
Cdc42 activation. Cdc42 failed to interact
with Nudel directly (Figure 3D) and is
therefore not the primary target of Nudel. We initially noticed
co-IP of Cdc42GAP with Nudel and then confirmed their direct
interaction (Figure 3). As a binding protein of both Cdc42 andNu-
del (Figure 3) (Zhang et al., 1997), Cdc42GAP helps to explain
howNudel could facilitate Cdc42 activation. Indeed, Nudel com-
peted against Cdc42 for binding Cdc42GAP (Figures 4A and 4B)
and therefore can function as a positive regulator of Cdc42. This
is in agreement with the lack of Cdc42 activation in Nudel-de-
pleted cells (Figure 5). As Cdc42 can bind to both the Sec14/
BCH and RhoGAP domains of Cdc42GAP (Low et al., 2000;
Wang et al., 2005), Nudel appeared to compete against Cdc42
for the Sec14/BCH domain and then hinder the interaction of
the RhoGAP domain with Cdc42 (Figure 4; Figure S3). Indeed,
biochemical assays indicated that active Cdc42 levels
Developmental Cell 14, 342–353, March 2008 ª2008 Elsevier Inc. 349
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tween Nudel and Cdc42GAP (Figure 4). Although such assays
might not precisely reflect the situation in migrating cells, in
which both protein distribution and Cdc42 activation are regional
and dynamic, the results are consistent with observations in cells
(Figure 5). Colocalization of Nudel and Cdc42GAP at the leading
edge (Figure 3C) further strongly correlated with the regional ac-
tivation of Cdc42 during cell migration (Nalbant et al., 2004).
Moreover, both the domain mapping result (Figure S3D) and
the failure of Nudel to associate with two other GAPs (Figure 3B)
suggest a specific role of Nudel in regulation of Cdc42. Thus,
Nudel is unlikely to be a ubiquitous GAP-binding protein involved
in regulation of all Rho family GTPases.
Cdc42 activation is sensitive to the leading-edge localization
of Nudel. Compared to wild-type Nudel, Nudelmt5 exhibited
weak localization, if any, at the leading edge. Its overexpression
attenuated Cdc42 activation, leading to phenotypes similar to
those caused by Nudel RNAi (Figures 6E and 7; Figure S4B).
Moreover, it also failed to rescue the migration defect of Nu-
del-depleted cells (Figure 6F). As the mt5 mutations in Nudel
do not appear to affect the association of Nudel with dynein,
Lis1, or Cdc42GAP (data not shown; Yan et al., 2003), the failure
of Nudelmt5 to activate Cdc42 is attributed to its lack of leading-
edge localization.
Based on these results, we propose that Nudel sequesters
Cdc42GAP at the leading edge to stabilize active Cdc42 gener-
ated by GEFs in response to external stimuli (Figure 7C). This
Figure 7. Leading-Edge Nudel Is Critical for
Activation of Cdc42
(A) GST-PBD pull-down assays for active Cdc42
(Cdc42$GTP) from control (0 min) or wounded (30 min)
Cos7 cells overexpressing the indicated GFP fusions.
(B) Leading-edge localizations of the indicated proteins
in wounded NIH 3T3 monolayers. Arrowheads denote
wound edges. Scale bar, 10 mm. Untransfected cells in
the GFP-Nudelmt5 samples were used as a positive
control in statistics results. Error bars show SD.
(C) A summarizing model. Cell migration has been
shown to require regional activation of Cdc42 by GEFs
in response to a variety of extracellular stimuli to trigger
multiple downstream events critical for cell polarity for-
mation, including polarized distributions of dynein/
dynactin, though how dynein/dynactin is recruited to
the leading edge remains unclear. Our work uncovers
a pathway critical for stabilization of active Cdc42: extra-
cellular stimuli induce phosphorylation of Nudel by acti-
vating kinases such as Erk1/2. Phosphorylated Nudel
is then recruited to the leading edge to sequester
Cdc42GAP from active Cdc42 and to activate dynein
as well. Nudel deficiency results in premature inactiva-
tion of Cdc42, thus disrupting cell migration.
interaction could augment or sustain regional
Cdc42 activity so that its downstream effec-
tors are activated to function in cell migration
(Figure 7C). In addition, excess GTP-bound
Cdc42 may also recruit Cdc42GAP from
Nudel, thereby preventing hyperactivation.
In the absence of leading-edge Nudel,
Cdc42GAP markedly enhances the GTPase
activity of Cdc42, leading to rapid inactivation of Cdc42 and
inhibition of cell migration.
In addition to GAPs and GEFs, GDP dissociation inhibitors
(GDIs) also regulate Rho GTPases by sequestering them from
other regulators and releasing them from the plasmamembrane.
To achieve membrane targeting and activation, Cdc42 must
become GDI-free (DerMardirossian and Bokoch, 2005; Rafto-
poulou and Hall, 2004). Therefore, Nudel-mediated regulation
of Cdc42GAP presumably cooperates with other mechanisms
controlling GEFs and GDIs (DerMardirossian and Bokoch,
2005; Etienne-Manneville, 2004; Raftopoulou and Hall, 2004) to
achieve precise tuning of Cdc42 activity at the leading edge of
migrating cells.
Phosphorylation Regulates the Leading-Edge
Localization of Nudel
Our data suggest that phosphorylation of Nudel by Erk at the
‘‘S/TP’’ motifs (Yan et al., 2003) is critical for its leading-edge
localization. Erk activation in response to various external stimuli
is an important upstream event in cell migration (Huang et al.,
2004). We demonstrated a strong correlation between Erk acti-
vation and Nudel phosphorylation and leading-edge localization
(Figure 6). Localization of the phosphorylation-mimicking mutant
Nudelpmt5, but not the phosphorylation-dead mutant Nudelmt5
(Yan et al., 2003), at wound edges (Figure 6E) further supported
the strong connection between phosphorylation and localization
of Nudel. Apparently, this phosphorylation-mediated regulation
350 Developmental Cell 14, 342–353, March 2008 ª2008 Elsevier Inc.
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gether with other effectors (Figure 7C) (Etienne-Manneville,
2004; Raftopoulou and Hall, 2004; Ridley et al., 2003). In addition
to Erk, Cdk5 also phosphorylates Nudel at the ‘‘S/TP’’ motifs and
appears to regulate Nudel in neuronal migration (Gupta et al.,
2002; Niethammer et al., 2000).
How P-Nudel is recruited to the leading edge is still not clear.
Since Cdc42GAP did not seem to bind Nudelpmt5 better than Nu-
delmt5 (data not shown), it is unlikely to be the anchor of P-Nudel.
A possible candidate is 14-3-33, which specifically binds
P-Nudel (Toyo-oka et al., 2003). Nudel-14-3-33 interaction is
important for neuronal migration in the central nervous system
(Toyo-oka et al., 2003). 14-3-33 was also located at the leading
edge in NIH 3T3 cells (data not shown). Another candidate is
Lis1, which has higher affinity to P-Nudel (Yan et al., 2003), local-
izes to the leading edge, and is also critical for cell migration
(Dujardin et al., 2003; Kholmanskikh et al., 2006). Although Lis1
overexpression failed to influence the Nudel-Cdc42GAP interac-
tion (Figure 3F), it may nevertheless be involved in leading-edge
localization of Nudel. In fact, 14-3-33, Lis1, and Nudel have been
shown to form a complex that is transported to the growth cone
of neurons by kinesin-1 (Taya et al., 2007). Therefore, 14-3-33
and Lis1 may work together to facilitate the leading-edge target-
ing of Nudel in nonneuronal cells as well.
In neuronal cells, Lis1 complexes with CLIP-170 and IQGAP1
upon calcium influx to facilitate IQGAP1-mediated stabilization
of active Cdc42 at cell periphery (Kholmanskikh et al., 2006). De-
pletion of Lis1 thus also reduces Cdc42 activity (Kholmanskikh
et al., 2003). We found that Lis1 also complexed with Nudel
and Cdc42GAP (Figure 3E). However, we failed to detect CLIP-
170 in the Cdc42GAP-Nudel-Lis1 complex (Figure 3E). There-
fore, the two complexes appear to function independently to
regulate Cdc42 at the leading edge with Lis1 serving as a com-
mon component.
EXPERIMENTAL PROCEDURES
Cell Culture, Transfection, and Sorting
All cells were cultured at 37C and 5% CO2 in Dulbecco’s modified Eagle’s
medium (Invitrogen, Carlsbad, CA) supplemented with 10% (v/v) bovine serum
(Sijiqing, Hangzhou, China). Cells were transfected using the conventional
calcium phosphate method for HEK293T or Lipofectamine2000 (Invitrogen)
for the rest. For overexpression experiments, cells were harvested or fixed
at approximately 48 hr after transfection. For RNAi experiments, cells were
transfected for 72 hr. To determine RNAi efficiency in NIH 3T3 cells, GFP-pos-
itive transfectants were enriched using a BD FACSAria cell sorter.
Microscopy
Cells grown on glass coverslips were fixed in cold methanol for 2 min for cen-
trosome staining or in 4% paraformaldehyde for 20 min followed by permea-
bilization for staining proteins at the leading edge. Immunofluorescence stain-
ing was performed with appropriate combinations of antibodies. Images were
captured with a Leica TCS SP2 confocal microscope. Grayscale images were
converted to pseudo-color using Adobe Photoshop.
For live cell imaging, cells were cultured in L-15 medium (Invitrogen) supple-
mented with 10% (v/v) bovine serum in a 37C incubation chamber on Olym-
pus IX81microscopewith amotorized stage. Image sequenceswere collected
with CCD camera (Evolution QEi, Media Cybernetics). At least three indepen-
dent experiments were performed. ImageJ (NIH) was used for measurement.
Migration tracks were determined as tracks of nuclei from sporadic cells that
did not die, divide, or run out of sight during 13 hr. The tracks of ten randomly
picked cells in each group were presented.DWound-Healing Assays
Wound-healing assays were performed as described (Palazzo et al., 2001).
Briefly, cell monolayers in confluence were scratched with a 20 ml tip to create
wounds that were usually closed after incubation in fresh medium for 6–8 hr.
For immunostaining, cells were fixed at 2–3 hr after wounding. For FRET and
biochemical analysis, multiple wounds were made across a 100 mm dish
with a 20 ml tip so that only about 50% cells were left.
Determination of Rearward Nuclear Movement
The distance between the nuclear centroid and the cell centroid wasmeasured
as reported (Gomes et al., 2005). Briefly, cell shapes and nuclear perimeters
were outlined from differential-interference-contrast images. The centroids
of a cell and its nucleus were then calculated using ImageJ. The cell was
aligned with its centroid at the origin, the wound edge parallel to the x axis,
and the wound facing the y axis. The y coordinate of the nuclear centroid
was then resolved and used as the distance. The extent of rearward nuclear
migration was represented as the difference between the distances at 0 and
120 min after being normalized to cell size in the direction of the y axis. Any
negative values, which meant no rearward movements, were reassigned
with zero.
Coimmunoprecipitation
Co-IP experiments were performed as described (Yan et al., 2003). For immu-
noblotting, proteins were resolved with SDS-PAGE and transferred to nitrocel-
lulose membranes (Schleicher & Schuell, Keene, NH). Immunoblots were
developed in chemiluminescence reagent (PerkinElmer, Boston) and exposed
to X-ray films (Kodak, New York).
To identify potential Nudel-associated proteins, HEK293T cells were trans-
fected to express FLAG-Nudel or FLAG-NudelN20/C36. One milliliter of lysate
from 2 3 107 HEK293T cells was incubated with 1 ml of brain lysate, pre-
pared from 400 mg of adult mouse brain tissue, for 2 hr at 4C and immuno-
precipitated with anti-FLAG M2 affinity resin (Sigma). Proteins bound to the
resin were eluted with 0.8 mg/ml FLAG peptide and separated with 8%
SDS-PAGE. After Coomassie blue staining, protein bands associated only
with FLAG-Nudel were analyzed using mass spectrometry.
In Vitro GST Pull-Down Assays
GST, GST-Cdc42GAP, or GST-Cdc42 expressed in E. coli cells was absorbed
on glutathione agarose beads (Sigma). The beads were then incubated with
bacterial lysate containing FLAG-Nudel or FLAG-NudelC36 for 1 hr. Proteins
binding to the beads were then boiled in SDS-sample buffer and subjected
to immunoblotting. At least two independent experiments were performed.
Assays for Cdc42 Activity
The FRET assay with the Raichu-Cdc42 probe (a gift from M. Matsuda, Kyoto
University, Kyoto, Japan) was carried out as reported (Wells et al., 2006), using
a Hitachi F4010 Fluorescence Spectrophotometer. To ensure that cells ex-
pressing the Raichu probe were also transfected with the RNAi constructs,
the plasmid for Raichu-Cdc42 was cotransfected with pLuci or pNumiA into
NIH 3T3 cells at a ratio of 1:3.
For pull-down assays, Cdc42 activity was presented as levels of GTP-bound
Cdc42 precipitated using GST-PBD (Benard et al., 1999). In brief, 5 mg of GST-
PBD or GST bound to glutathione resin (Sigma) was added to each sample for
test. After incubation in a rotary stage at 4C for 60 min, proteins bound on
beads were boiled in SDS-sample buffer and subjected to immunoblotting.
At least two independent experiments were performed.
Quantitation and Statistics
Band intensity was quantified by subtracting background from total (Hoffman
et al., 2001) using Adobe Photoshop software. Statistics results were obtained
in a blind fashion from three or more independent experiments. Error bars
show SD.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures, four fig-
ures, and five movies and are available at http://www.developmentalcell.
com/cgi/content/full/14/3/342/DC1/.evelopmental Cell 14, 342–353, March 2008 ª2008 Elsevier Inc. 351
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